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Abstract 
This paper presents the design of tie lines tripping to enhance power system stability for a large industrial customer 
with cogeneration units. The mathematical models with the corresponding parameters of generation units, excitation 
systems, governor systems and loads have been identified and verified. To enhance the system stability, the protective 
scheme by including the directional over current relay, under voltage relay and under frequency relay with proper 
settings has been applied. Three various external fault cases have been selected to verify the accuracy and 
effectiveness of the proposed schemes. It is concluded that the system stability of the industrial customer can be 
improved by the proper design of protective scheme. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of [name organizer] 
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1. Introduction  
Because of the high energy efficiency of cogeneration systems by providing the steam for industrial 
process and generate the power for load demand at the same time, more and more cogeneration units have 
been installed for the chemical, paper and pulp, textile industrial in Taiwan. Another key issue for the 
industrial customers to implement the cogeneration system is that the cogeneration unit can provide the 
back up power supply to the critical loads in the plant so that the serious economic loss due to abrupt 
utility power outage can be prevented. However, all the industrial power systems have to be connected to 
the utility network so that the power shortage can be supplied by the utility and power surplus can be sold 
to utility power grid. Although many advantages by linking the industrial power system to the utility 
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power system can be provided, the system disturbance introduced by the outage of large generation units 
or trip of EHV transmission lines of utility power system will induce serious impact to the industrial 
power system. It is necessary to develop the proper protective scheme to island the industrial power 
system by tripping the tie line with utility in time and execute the load shedding required to prevent the 
outage of cogeneration units due to severe system disturbance [1]. By this way, the critical loads can 
therefore be served without any power interruption. To guarantee the power system stability of industrial 
customers with cogeneration units, the transient stability analysis has to be executed for all possible fault 
cases by considering the mathematical models of all generation units and the power system network [2]. 
In this paper, a large petroleum refinery plant (PRP) has been selected for computer simulation to 
demonstrate the proper design of protective scheme. 
2. Description of the PRP and Utility Power System  
The PRP power system is connected to Linyuan substation of the Taiwan Power Company (TPC) by 
double 69kV tie lines as shown in Fig. 1(a). Four cogeneration units (G12,G15,G16,G19) with a capacity 
of 10 MW each have been installed to provide the steam for the production process and generate 
electricity for the factory loads. However, the maximum power output of the cogeneration units is 27 MW 
only because of the operation constraint of the backpressure type turbine and the power shortage of 35 
MW has to be imported from the TPC system. To increase its own generation capacity, a condensing type 
cogeneration unit with 40MW capacity has been added to the system. In the PRP system, two 
transformers with capacity of 40MW each are used to step down the voltage level from 69kV to 11.4kV 
for the load demand. Before the installation of G22, the tie lines tripping of circuit breakers H101 and 
H201 have been applied to isolate the distribution center from the rest of the power system to keep the 
normal operation of four cogeneration units and the critical loads in the distribution center. With the 
commission of G22, the total load demand in the plant can be fully supplied by its own cogeneration units 
and it becomes necessary to redesign the protective scheme for the tie lines tripping of circuit breakers 
H610 and H620 at bus 1.  
The TPC equivalent network and the neighboring industrial customers are included in the study to 
present the accurate responses of the PRP system. Fig. 1(b) shows the external system network used for 
the study. There are many cogeneration units installed by the other industrial customers. Talin power plant 
of the TPC is connected to the Linyuan 161kV substation with four large thermal units (G4- G7). The rest 
of the TPC system is represented as G1 at the Kaukang substation. The 161kV power source is linked to 
the Linyuan substation in which the voltage is stepped down to 69kV for the PRP. 
Fig. 1. (a) One-line diagram of the PRP system;   (b) One-line diagram of the external equivalent network 
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3. Mathematical Modeling of the Generation Units and Load  
To perform the transient stability analysis for the design of protective scheme of the PRP system, it is 
necessary to consider the TPC system and the nearby large customers in the study. The mathematical 
models of all cogeneration and TPC generation units and load have to be applied carefully.  
All the generation units in the study network are modeled by considering two damping coils along the 
d and q axis and the magnetic flux saturation effect is included to describe the transient and sub-transient 
behavior of the generators. The equivalent unit of TPC system G1 as shown in Fig. 1(b) is modeled as a 
voltage source with a d-axis transient impedance in series [3]. 
According to the field survey, IEEE Type AC3 is used for G6 and G7, while the IEEE Type 1 
excitation system [4] is used for the other generation units. 
For the generators in Talin power plant, the governor models are IEESGO while the simplified 
governor model is used for the cogeneration units [5]. To provide the steam with fixed pressure for the 
production process, G22 will be operated in constant power output mode when it is connected to the TPC 
system and switched to the constant frequency control mode after the PRP become an isolated system. 
A static load model has been adopted in this study. The constant current load is adopted when the bus 
voltage is greater than 0.7pu. On the other hand, it is considered as the constant impedance load. 
Furthermore, the frequency deviation factor is chosen as the typical value of 2 which means that a 1% 
frequency variation will result in a 2% load change [6]. 
4. Protective Scheme Design for the Tie Lines Tripping  
Before the installation of G22, the existing protective schemes are designed to trip the circuit breakers 
at H101 and H201 so that the cogeneration units and the critical loads at distribution center can be 
operated in the two isolated systems. With the commission of G22, the total cogeneration can meet the 
load demand in the plant and it is necessary to revise the tie lines tripping at circuit breakers H610 and 
H620 to maintain the system reliability. Table 1 shows the under frequency relay settings for the PRP 
corresponding circuit breakers to trip the cogeneration units. By the way, the setting of under frequency 
relay (81L) for lie lines tripping has to be revised as 58.8Hz with a 0.1 second time delay. 
Table 1. Under frequency relay settings of the PRP cogeneration units
Units Circuit breakers Frequency (Hz) Time delay (sec) 
G12 H203 57 0 
G15 H104 57 9.5 
G16 H204 57 9.5 
G19 H103 56 6.4 
G22 H1 57.5 1 
For the industrial power system, a nearby utility system fault will introduce very low generator 
terminal voltage and result in very high rotor acceleration. If the fault condition cannot be removed in 
time, the industrial power system has to be isolated from the utility network so that the operation of 
cogeneration units can be maintained to serve the vital loads in the plant. It is therefore very important to 
identify the critical clearing time (CCT) of external utility fault to determine the proper timing for tie line 
tripping. In this study, a three-phase short circuit fault is assumed to occur at bus 1 in Fig. 1(a) with 
different fault impedances. Fig. 2 illustrates the CCT versus different residual voltages at the incoming 
69kV bus. When the voltage level has been dropped to 0.1pu, the fault has to be cleared within 0.28 
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second to save the industrial system. For such a short CCT, G22 will be tripped because of the time delay 
to clear the fault if conventional time inverse relays are adopted. To solve the problem, the under voltage 
relay (27) with a voltage setting of 0.4pu and a 0.15 second time delay is suggested for more effective 
relay action. However, the improper tripping of the tie lines due to momentary low voltage or in plant 
fault has to be avoided. Therefore, the directional over current relay (67) should be connected with relay 
27 in series. Besides, the time inverse operation of relays 67 and 27 in series is also used for the back up 
of the tie lines tripping when the bus voltage during the fault period is more than 0.4pu. 
Fig. 2. The critical clearing time versus different residual voltages at bus 1 
5. Computer Simulation of System Contingencies  
To demonstrate the effectiveness of the proposed protective scheme for tie lines tripping, three fault 
contingencies have been selected for the transient stability analysis [7]. Also, a 0.1 second delay for the 
relay and circuit breaker operation time is assumed and considered in the computer simulation. 
5.1 Case 1 
For the far distance fault at TPC system, the voltage level of the cogeneration system is less affected. 
However, the system frequency will decay slowly and the relay 81L installed at H610 and H620 will be 
activated at 58.8Hz with a 0.1 second time delay to trip tie lines between PRP and TPC systems. Figs. 3 
and 4 show the responses of system frequency and turbine mechanical input power respectively. Because 
the frequency decay lasts for such a long time period, the governor action of G12, G15, G16 and G19 will 
increase the output power to its rated value of 10MW. On the other hand, G22 is operated as constant 
power output since the tie line remains connected. At the instant when the tie line trips, G22 increases its 
output power to 40MW in a very quick manner due to the constant frequency control of governor action. 
The isolated system becomes generation surplus and the frequency increases from 58.8Hz to 60.5Hz in 
less than 2 second and finally returns to 60Hz. It can be found that the governor response of the new unit 
G22 is much faster than the other old units because of the shorter time constant in the control block. 
Fig. 3. The system frequency response for Case 1;   Fig. 4. The turbine input powers responses for Case 1 
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5.2 Case 2 
A short circuit fault is assumed to occur at F1 of tie line H610 in Fig. 1(b) and it is cleared after 0.2 
second by the pilot wire relay installed by the TPC system. The PRP system is still connected to TPC 
system by the rest tie line. Curve 1 in the Figs. 5 and 6 shows the responses of voltage at bus 1 and 
system frequency respectively. It is found that the voltage is restored to 1.0pu after a short time period 
and the frequency fluctuation is small. However, there is a significant power swing over the remaining tie 
line and will activate the relay 67. By the serial connection of relays 67 and 27, the tripping of the 
remaining tie line will be inhibited because of the restoration of the system voltage in a short time period. 
If the pilot wire relay is not operated normally to detect the fault at the F1, the tie lines with TPC 
system will be disconnected with a specified time delay. The voltage and frequency responses of the study 
condition are illustrated in the curve 2 of the Figs 5 and 6 respectively. At the instant of fault occurred, the 
PRP system will provide 8.73kA short circuit current to the TPC system. The instant operation of relays 
67and 27 is initiated and trips tie line H610 in 0.25 second. The voltage level at the 69kV bus of PRP 
system will rise to 0.26pu and the system frequency will reach 62Hz if the fault is not cleared. The 
remaining tie line H620 will provide fault current to TPC network and it is tripped with a 0.13 second 
time delay. The voltage level is then gradually increased and the frequency drops to 59Hz and then returns 
to 60Hz after 8.0 second. It is concluded that the tie lines can be tripped by the proposed relay settings in 
a more effective way than the conventional scheme with frequency relay. Besides, it is not necessary to 
operate the load shedding step for this study case because of the fast tie lines tripping provided. 
Fig. 5. The voltage responses at bus 1 for Case 2;   Fig. 6. The system frequency responses for Case 2 
5.3 Case 3 
A bolted ground fault is assumed to occur at F2 in Fig. 1(b). During the fault period, each tie line 
provides 1.34kA fault current from the PRP system to the TPC network and the voltage level at 69kV bus 
is below 0.2pu. The proposed instant operation relays 67 and 27 will be triggered and the circuit breaker 
H610 and H620 will be tripped after 0.25 second. Curve 1 in the Figs. 7 and 8 shows the responses of the 
voltage at bus 1 and system frequency respectively. The bus voltage can be recovered quickly after the 
tripping of tie lines. Although the isolated system frequency has ever risen and dropped to 60.6Hz and 
59.6Hz respectively, it can be restored to 60Hz within a few seconds. It is concluded that the industrial 
power system will restore the stable operation after the quick tripping of tie lines by the instant operation 
of proposed relays 67 and 27 in series. 
For the same fault condition and the instantaneous operation of series relays 67 and 27 is blocked 
because of relay malfunction, the ground fault occurred at F2 will be cleared by the TPC backup 
protection devices in 0.65 second. The responses of the bus 1 voltage and frequency are illustrated in the 
curve 2 as shown in the Figs. 7 and 8 respectively. Since the tie lines are not open in time for such a 
severe fault, the bus voltage will endure serious drop and fluctuation. Besides, the rotor angle difference 
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between G22 and the rest of the cogeneration units in the distribution center is varied dramatically. This 
implies that very large power swing among the cogeneration units will be introduced to cause the tripping 
of G22. It is therefore to isolate the PRP power system in a very short time period by designing the series 
connection of protective relays 67 and 27 to maintain the operation of cogeneration units in the plant. 
Fig. 7. The voltage responses at bus 1 for Case 3;   Fig. 8. The system frequency responses for Case 3 
6. Conclusions  
This paper has investigated the protective relay settings for the tie lines tripping by the transient 
stability analysis to enhance the dynamic responses of the cogeneration system when it is operated in 
autonomous condition. The transient stability analysis has been performed to derive the critical clearing 
time for the settings of instantaneous operation of directional over current and under voltage relay. By this 
way, the tie lines can be tripped in a very short time period for the nearby serious fault. Also, the under 
frequency relay is designed to trip the tie lines according to the characteristic of the utility and 
cogeneration plant.  
To illustrate the effectiveness of the proposed protective relay settings for the proper tie lines tripping, 
three fault contingencies have been selected for case studies. According to the computer simulation, the 
proposed protective scheme can trip the tie lines in time and restore the power system back to normal 
condition after the system disturbances. It is concluded that the power system stability of the study 
industrial customer can be enhanced by applying the directional over current relay and under voltage 
relay as well as the under frequency relay. 
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